The failure to obtain the ideal stand is one of the causes of decreased crop yields, in this sense it is important to investigate the genetic effects related to seed quality. The aim of this study was to measure the general combining ability (GCA), the specific combining ability (SCA) and the reciprocal effects (RE) for popcorn seed quality in addition to evaluate the association between germination and vigor tests with field emergencein order to identify hybrids with better germination and vigour. Ten inbred lines were evaluated using a complete diallel cross with reciprocals. Seed quality was measured by germination tests (GT) and by modified cold vigour tests (MCV). In the GT, the numbers of strong normal seedlings (SNS), weak normal (WNS), abnormal (AS) and ungerminated seeds (UGS) were counted. In the MCV, the numbers of normal seedlings (NPC), abnormal (ASC) and ungerminated seeds (UGSC) were counted, and the plants' dry matter (DM) was measured. Analysis of variance for GCA, SCA and RE were significant for all variables. The quadratic components for SCA were higher than those for GCA for the SNS, AS, UGS, ASC and UGSC traits, which indicates higher significance for the non-additive effects. The most favourable GCA estimates, were found in lines P3 and L70. The best hybrids were P1xL70, P3xP6 and P8xL70. The RE results showed that L70 and P3 should be used as the female parent in the P1xL70 and P3xP6 hybrid crosses, respectively. The MCV was the test that was most strongly correlated with field emergence, with a magnitude of 0.667.
INTRODUCTION
One of the primary causes of reduced yield per unit area for most cultivated varieties of plants is unsuccessful stand establishment that is the result of crops with substandard populations (MARCOS FILHO, 2005) . Thus, it is essential to investigate the nature of the genetic effects that affect the seed quality traits and the effects of different genetic structures in populations in the field with respect to germination and vigour (TEKRONY; EGLI, 1991) . Seed quality may be defined as the sum of the genetic, physical, physiological and health-related traits that affect the plant's ability to perform vital functions; it is characterised by germination and vigour (POPINIGIS, 1985) .
Germination tests are the most commonly used tests for measuring a seed's physiological potential, but these Ciênc. agrotec., Lavras, v. 37, n. 6, p. 502-511, nov./dez., 2013 tests may overestimate performance in the field because they are conducted under ideal temperatures and humidity. As a result, vigour tests are performed to complement data obtained from germination tests and to detect significant differences in seed quality in lots with similar germination rates (MARCOS FILHO, 2005) . Of the various vigour tests used for maize growth, the modified cold test is the most recommended because of its strong correlation with plant emergence in the field (MCDONALD, 1975; MOLINA; IRIGON; ZONTA, 1987; TEKRONY; EGLI; WICKAM, 1989; BARROS et al., 1999) .
Despite the importance of developing cultivars with high germination and vigour, few studies have been performed on the predominant genetic effects controlling the traits associated with seed quality in popcorn. Therefore, studying their combining ability may yield valuable information because it will permit the best parents to be selected to create hybrids with higher seed quality based on their general combining ability (GCA) and specific combining ability (SCA), in addition to the reciprocal effects (RE) (GRIFFING, 1956) . Moterle et al. (2012) studied combining ability with respect to seed quality in nine popcorn lines using a complete diallel cross without reciprocals and found significant GCA and SCA values in the germination, first count, accelerated aging, modified cold, electric conductivity, plant emergence in sand bed, emergence speed and emergence speed index tests. These authors also found that non-additive effects were more important than additive effects on genetic control of the physiological quality of popcorn seeds. Gomes et al. (2000) also found that non-additive genetic effects had a greater effect on seed quality in a complete diallel cross of field maize than additive effects. Conversely, Antuna et al. (2003) and Ortiz et al. (2006) studied the genetic control of the physiological quality of field maize seeds and observed that additive effects had a greater effect on genetic control than nonadditive effects in the majority of the germination and vigour tests performed.
The aim of the present study was to estimate the GCA, SCA and RE of ten popcorn inbred lines using diallel crosses, in addition to measuring the correlation of germination and vigour tests with field emergence in the identification of genetic combinations with better germination and vigour.
MATERIAL AND METHODS
Ten S 7 popcorn lines (Table 1 ) from the genetic improvement programme at Darcy Ribeiro Northern Rio de Janeiro State University (Universidade Estadual do Norte Fluminense Darcy Ribeiro -UENF) were evaluated using a complete diallel cross with reciprocals, which resulted in a total of 90 diallel hybrids. Germination and vigour tests were performed in the Seed Production and Technology Sector of the UENF Plant Science Laboratory. The germination test (GT) was performed in quadruplicate with 50 seeds per replicate. The seeds were placed between three paper towels that had been moistened with a volume of distilled water equivalent to 2.5 times the mass of the dry paper. They were then rolled and transferred to a biological oxygen demand (BOD) incubator alternating between 20-30 °C, as described in Brasil (2009). Final counts were made after seven days, and the percentages of normal seedlings (NS), abnormal seedlings (AS) and ungerminated seeds (UGS) were calculated. Normal seedlings were classified as strong normal (SNS) and weak normal (WNS). SNS were those seedlings with the most developed coleoptile and root (mass and length), consistent with the classification by Nakagawa (1999) .
Dry mass (DM) was measured as follows. Normal seedlings (including both SNS and WNS) from the germination test were placed in paper sacks, properly identified and incubated in a 70 °C incubator for 48 hours. They were then weighed on a precision scale, and the values were normalised to normal sprouts. For correlation coefficient the DM data were converted into a percentage.
The modified cold vigour test (MCV) was performed in quadruplicate with 50 seeds in each treatment. Seeds were placed between three paper towels previously moistened with a volume of water equal to 2.5 times the mass of the dry paper towel. The paper towels were rolled and then wrapped in plastic and left for seven days in a biochemical oxygenation demand (BOD) germination chamber without light and at a constant temperature of 10p C. After this period, the rolls were transferred to the germinator for four days with temperature alternating between 20-30 °C, as recommended by Brasil (2009) . Following this incubation, they were evaluated to calculate the percentage of normal seedlings (NPC), abnormal seedlings (ASC) and ungerminated seeds (UGSC).
Field emergence was evaluated in the experimental field at the Antônio Sarlo State Agricultural College (Colégio Estadual Agrícola Antônio Sarlo), in Campos dos Goytacazes, Rio de Janeiro. Ninety hybrids were planted 0.20 m apart in two rows that were 3.00 m in length and 0.90 m apart. Two seeds were planted per hole at a depth of 0.05 m. Emerged normal plants were counted in each parcel 14 days after planting and expressed as a percentage (NAKAGAWA, 1994) .
The design used was randomised complete blocks with four replicates. Based on the analysis of variance results, the sum of squares for the treatments (hybrids) were decomposed into GCA, SCA and RE using Griffing's Method III (1956 ) with a fixed model, wherein:
The Pearson´s correlation coefficient (r) between the results of the germination, vigour and field emergence tests was calculated using only the normal seedling data from the germination and vigour tests. All analyzes were performed using the software Genes (CRUZ, 2013).
RESULTS AND DISCUSSION
The F test revealed significant differences among the hybrids for all of the measured traits, indicating that there is genetic variation ( Table 2 ). The effects of the GCA, SCA and RE were significant for all evaluated traits, which indicates that additive, non-additive and maternal effects are involved in the genetic control of these traits. Using diallel analysis in field maize lines to study seed quality, Moterle et al. (2011) showed that GCA, SCA and RE significantly affect the germination test as well as the first count, the MCV and emergence in sand bed vigour tests. Moterle et al. (2012) evaluated ten popcorn lines using a complete diallel cross without reciprocals and showed that GCA and SCA significantly affect all germination and vigour tests.
The estimates of quadratic components associated to GCA, SCA and RE indicated that non-additive effects had a greater impact on WNS, AS, UGS, ASC and UGSC than additive effects. However, the opposite effect was observed for SNS, DM and NPC, i.e., additive effects were predominant (Table 2) . These results are consistent with Moterle et al. (2012) , who found that non-additive effects were more important for the genetic control of seed quality by using the GT and the MCV. Gomes et al. (2000) evaluated the combining ability of field maize lines for kernel quality and showed that nonadditive effects were the most important for the GT and the MCV, which is consistent with the results found by Moterle et al. (2012) . However, these results are not consistent with those observed by Antuna et al. (2003) and Ortiz et al. (2006) , who observed that additive genetic effects had a larger influence on the GT. It is notable that these latter authors used a different methodology because they used only the mean squares associated with the GCA and SCA effects of each characteristic and did not use the corresponding estimated quadratic components.
The RE quadratic components for all of the traits were higher than those for SCA, which indicates that there is a difference between using a line as a male or a female in the same cross. These results corroborate the field maize results found by Moterle et al. (2011) , who found greater effects for RE than SCA for germination, first counting and emergence in sand bed tests. However, these results are not consistent with those of Gomes et al. Being considered in this model that s ij =s ji e r ij  r ji . The estimators square means of fixed effects associated with GCA (
wherein: p= number of parent; QMR= error mean square QMG= mean square of GCA; QMS= mean square of SCA; e QMRC= mean square of ER. Ciênc. agrotec., Lavras, v. 37, n. 6, p. 502-511, nov./dez., 2013 (2000 , who showed that the effects of SCA were usually greater than those of RE in field maize.
The coefficients of variation (CV%) ranged from 7.75 to 9:53% for ASC and NPC, respectively. According to the classification of corn suggested by Scapim et al. (1995) are among the bands values are low. Pimentel- Gomes (1985) reports that the CV% gives an idea about the experimental precision, and the lower the CV%, higher accuracy.
In the GT, the variation of the GCA (  i g ) -the highest GCA estimate minus the lowest estimate divided by the standard deviation -were 20.28, 35.73, 44.39 and 45.87 times the standard deviation for SNS, WNS, AS and UGS, respectively (Table 3) , which indicates, therefore, that there are significant differences between the GCA effects of the lines. These results are much greater than those found by Gomes et al. (2000) (Table 3) . Lines P3, P6, L70 and L76 had positive values for GCA, although they were low; the P3 line had the highest value (0.022).
For the MCV, the variation of  i g was 17.92, 37.95 and 62.45 times the standard deviation for NPC, ASC and UGSC, respectively (Table 3) . Gomes et al. (2000) found variation for the cold test that were 10.33 times the standard deviation. The P3, L53, L54, L70 and L76 lines had positive GCA effects for NPC, and P3 had the largest value at 9.703. Only lines P1, P10 and L76 had positive values for ASC. Lines P3, P10, L53, L54, L70 and L76 had negative values for UGSC; P3 was the largest (-6.650). Thus, the line with the largest, most favourable values for this test, i.e., the line that tended to increase vigour the most, was P3.
Overall, the P3 and L70 lines had the most favourable GCA effect on germination and vigour. Cruz and Regazzi (2004) reported that crosses involving at least one parent that has the highest favourable GCA effect are best for hybrids with favourable SCA estimates. Table 2 -Mean squares for general combining ability (GCA), specific combining ability (SCA) and reciprocal effects (RE) and its quadratic componentes for germination test (GT), seedling dry matter (DM) and modified cold vigour test (MCV).
1 SNS = strong normal seedlings, WNS = weak normal seedlings, AS = abnormal seedlings, UGS = ungerminated seeds, 2 NPC = Normal seedlings in the modified cold test, ASC = abnormal seedlings in the modified cold test, UGSC = ungerminated seeds in the modified cold test. CV% = coefficients of variation. **Significant at a 1% probability level by the F-test.
SV DF
Mean Square GT (%) Therefore, based on SCA, the best combinations for improving germination and vigour are P1xL70, P3xP6 and P8xL70 (Table 4 ). The best of these hybrids is P8xL70 because it has the best SCA for most of the traits. When analysing RE only in those hybrids for which at least one of the lines in the cross had a high GCA (hybrids P1xL70, P3xP6 and P8xL70), only the P1xL70 hybrid had a large negative value for NPC (-22.25) ( Table  5 ). For ASC and UGSC, the estimates were high and positive, with values of 9.75 and 7.12, respectively, which indicates that the L70 line should be used as the female parent in this hybrid (P1xL70) to increase vigour. In the P3xP6 cross, a large positive effect was observed for NPC (8.00) and a negative effect was observed for UGSC (-9.25), which indicates that the P3 line should be used as a female parent. Conversely, large RE estimates were not found for the P8xL70 hybrid, and there were thus no recommendations for the use of either line as the female parent. Table 6 shows the simple correlation coefficients (r) between field emergence (FE), the GT, the MCV and DM. All of the correlations were significant; the largest estimate was between the GT and the MCV (0.676) and the lowest was between the MCV and DM (0.402).
With respect to the correlations between seedling emergence in the field and seed quality tests, the MCV was the most correlated with FE (0.667). A similar result was found by Torres et al. (1998) , who found a correlation between the MCV and FE with an r of 0.689 when the effectiveness of various tests for determining seed quality in field maize was evaluated. Molina, Irigon and Zonta (1987) also found a correlation coefficient of 0.845 for FE and the MCV in field maize. Therefore, using the MCV may assist in predicting the number of seedlings that will emerge in the field more accurately. In contrast, DM was not strongly correlated with FE (0.458), indicating that this vigour test is not adequate for identifying plants with high FE.
The percentage of normal seedl ings t hat germinated in the GT was higher than in the MCV and FE (Table 6 ), which indicates that the GT overestimated this parameter, particularly compared to FE. Therefore, the GT should not be used to calculate the quantity of seeds to sow in a field. According to Johnson and Wax (1978) and Marcos Filho, Cícero and Silva (1987) , the GT estimates are higher than FE because the laboratory humidity and temperature levels are ideal for seed germination in the GT, which is different than in the field. Conversely, the percentage of normal emerged seedlings in the MCV (73.20%) was very close to the FE percentage (72.30%). Marcos Filho, Cícero and Silva (1987) argue that this result is observed because the cold test combines low temperature and higher humidity, thus only allowing seeds with more vigour to survive. Ciênc. agrotec., Lavras, v. 37, n. 6, p. 502-511, nov./dez., 2013 1 SNS = strong normal seedlings, WNS = weak normal seedlings, AS = abnormal seedlings, UGS = ungerminated seeds, 2 NPC = normal seedlings in the modified cold test, ASC = abnormal seedlings in the modified cold test, UGSC = ungerminated seeds in the modified cold test. MSD = Minimum significant difference at 5% probability by test t. Ciênc. agrotec., Lavras, v. 37, n. 6, p. 502-511, nov./dez., 2013 1 SNS = strong normal seedlings, WNS = weak normal seedlings, AS = abnormal seedlings, UGS = ungerminated seeds, 2 NPC = normal seedlings in the modified cold test, ASC = abnormal seedlings in the modified cold test, UGSC = ungerminated seeds in the modified cold test. MSD = Minimum significant difference at 5% probability by test t. Table 6 -Estimates of Pearson's correlation (r) between field emergence (FE), germination test (GT), modified cold test (MCV) and seedling dry matter (DM), and the average percentage of normal emerged or germinated seedlings.
*, ** Significant at 5% and 1% probability level, respectively, by the t-test.
The average percentage of normal emerged plants in the DM test was 56.99% -lower than the FE results (72.30%). This result differs from that reported by Durães et al. (1994) , who showed the importance of dry matter accumulation by seedlings to determine the vigour index for the seeds. Of all of the tests used to evaluate popcorn seed quality, that which best identified seeds with high vigour and high field emergence was the MCV.
CONCLUSIONS
There is genetic variability for seed quality in the studied lines, and non-additive genetic effect had the greatest contribution on seed quality. There is a pronounced reciprocal effect for popcorn seed quality, requiring male and female parents to be designated prior to cross-breeding.
The MCV is highly correlated with seedling emergence in the field and may be used to estimate popcorn seed vigour.
